Abstract. The production of lactate under hypoxic conditions or by cancer cells was reported to promote the M2 polarization of tumor-associated macrophages. However, the exact effect of lactate on macrophages, particularly under hypoxic conditions, has remained largely elusive. In the present study, an in-depth bioinformatics analysis of previously published transcriptome data of macrophages was performed. A total of 6, 101 and 764 upregulated genes were identified in the lactate, hypoxia and hypoxia-lactate groups, respectively, whereas 4, 41 and 588 genes were downregulated in the same respective groups. Furthermore, differentially expressed genes (DEGs) of the hypoxia and hypoxia-lactate groups were significantly enriched in the hypoxia-inducible factor 1 (HIF-1) signaling pathway and the Hedgehog pathway. Upregulation of the mTOR and Hedgehog pathways in the hypoxia-lactate group was identified by gene set enrichment analysis. Furthermore, a set of HIF-1 pathway-associated genes was identified to be positively correlated with hypoxia using weighted gene co-expression network analysis. Lactate was indicated to inhibit the cell cycle in a hypoxia-independent manner. The DEGs of the hypoxia and hypoxia-lactate groups, including C-C motif chemokine receptor type 1 and 5, were enriched in the cytokine-cytokine receptor interaction pathway. In conclusion, under normoxic conditions, lactate exerted a weak effect on macrophages, while the combination of lactate and hypoxia markedly promoted the M2-polarization of macrophages via the HIF-1, Hedgehog and mTOR pathways. Lactate and hypoxia may also contribute to the formation of the spatial structure of tumor niches by inhibiting the proliferation of resident macrophages and by regulating the recruitment of peripheral macrophages.
Introduction
Reprogramming of the energy metabolism and evasion of immune surveillance are two emerging hallmarks of cancer (1) . Cancer cells feature enhanced glucose uptake and utilize glycolysis as a major way of energy metabolism. The glycolytic pathway is active in cancer cells, even under normoxic conditions, and supports their rapid proliferation. This phenomenon is generally known as aerobic glycolysis or the Warburg effect (2, 3) . Due to the defective vasculature in tumor tissues, hypoxia is common among various types of cancer and is also an important trigger for glycolysis (4) . Abnormal expression of oncogenes and mitochondrial DNA mutations may also contribute to the enhanced glycolysis in cancer cells (3) . Previous studies have indicated that the Warburg effect may increase the production of ATP and provide more metabolic intermediates and precursors, which may be used for the biosynthesis of macromolecules. Furthermore, this process can enhance the tolerance of cancer cells to chemotherapies (5) .
Recent studies have suggested that, in addition to the direct stimulation of the growth of cancer cells, glycolysis has an important role in the induction of immune tolerance of cancer. Carmona-Fontaine et al (6) reported that hypoxia and cancer-derived lactate, which is a by-product of glycolysis, may induce the expression of arginase 1 and macrophage mannose receptor 1 proteins, also known as M2-like markers, by tumor-associated macrophages (TAMs). TAMs are one of the most important components of the tumor microenvironment, accounting for 6-14% of total cells in the tumor tissue (7) . A previous study by our group has also suggested that bladder cancer cells are able to re-program RAW264.7 cells into M2-like macrophages in microfluidic tumor microenvironment chips (8) . However, the detailed effects of lactate on macrophages, particularly under hypoxic conditions, have remained largely elusive.
In the present study, an in-depth analysis of the transcriptome data of bone marrow-derived macrophages (BMDMs) 
Materials and methods
Data accession and pre-processing. Raw mRNA read count data were retrieved from the GSE93702 dataset of the gene expression omnibus (GEO) database (https://www.ncbi.nlm. nih.gov/geo/). The GSE93702 dataset contains the mRNA sequencing data of 4 groups of mouse BMDMs, including untreated BMDMs (control group) as well as BMDMs treated with 25 mM sodium lactate (lactate group), cultured in 1% oxygen (hypoxia group) or both (hypoxia-lactate group) in vitro for 24 h. Three duplicates were performed in each group (6) . Rlog normalization was performed to obtain the expression matrix of the samples using the DESeq2 Package (version 1.14.1).
Screening for differentially expressed genes (DEGs)
and enrichment analysis. Untreated BMDMs were used as controls and the DEGs of the lactate, hypoxia and lactate-hypoxia groups were separately calculated based on the Wald test and the generalized linear model using the DESeq2 package (9) of the R software. The threshold for DEGs was set at |log(fold change) |>log 2 1.5, P-value <0.05 and Benjamini-Hochberg-adjusted P-value <0.1. Volcano plots and heat maps were used to display the DEGs of the three experimental groups vs. the control group. Kyoto encyclopedia of genes and genomes (KEGG) pathway enrichment analysis was performed using the Database for Annotation, Visualization and Integrated Discovery (DAVID; version 6.8), and P<0.05 was used as the threshold (10) . The pathways, which exhibited significant alterations in at least two groups, were further displayed using the bubble plot. The volcano plot, heat map and bubble plot were drawn using the ggplot2 package (version 2.2.1) of the R software (11).
GSEA. GSEA was performed for each of the three groups separately using GSEA software (version 3.0), and the KEGG gene sets (version 6.2) were used as the annotation gene set (12) . The cut-off values were set at P<0.05 and false discovery rate<0.25. Significantly enriched pathways were further displayed using the GSEA plot.
WGCNA. WGCNA was performed using the WCGNA package (version 1.63) of the R software. A step-by-step network construction and module detection approach were selected. The soft-threshold power was set at 10 according to the scale-free fit index and mean degree of connectivity. The method of dynamic tree cut from the package dynamic TreeCut was used for identifying modules. The correlation between the modules identified and the features of the culturing conditions in each group of cells was then determined. The modules with significant correlations with lactate or hypoxia treatment were further annotated using DAVID. The dendrogram, heat map and scatter plot were used to display the major results using the WGCNA package.
Results

Screening of DEGs and enrichment analysis.
Compared with the untreated BMDM group, a total of 6, 101 and 764 upregulated genes were identified in the lactate, hypoxic and lactate-hypoxic group, respectively, while 4, 41 and 588 genes were downregulated in these three respective groups ( Fig. 1A and B) . Among them, heat shock protein family A member 1 like (HSPA1L), interferon-induced transmembrane protein 6, FXYD domain-containing ion transport regulator 2, HSPA1B, HSPA1A and metastasis-associated lung adenocarcinoma transcript 1 were upregulated in all three groups, while CD33, interleukin 12 receptor subunit β 2, cysteine-and glycine-rich protein 1 and transglutaminase 2 were downregulated in all three groups ( Fig. 1C and D) . Furthermore, KEGG pathway enrichment analyses were performed using DAVID software in order to assess the function of the DEGs identified. The upregulated genes of the lactate group were accumulated in the pathways legionellosis, antigen processing and presentation, estrogen signaling, toxoplasmosis and mitogen-activated protein kinase (MAPK) signaling, whereas the upregulated genes in the hypoxia group were accumulated in legionellosis, hypoxia-inducible factor-1 (HIF-1) signaling, central carbon metabolism in cancer, glycolysis/gluconeogenesis and cytokine-cytokine receptor interaction pathways. The focal adhesion, central carbon metabolism in cancer, MAPK signaling, legionellosis and HIF-1 signaling pathways were enriched by the upregulated genes of the hypoxia-lactate group. The downregulated genes in the hypoxia group were enriched in metabolic and biosynthesis of antibiotics pathways. Metabolic function, DNA replication, glycosaminoglycan degradation, mismatch repair and oxidative phosphorylation pathways were enriched by the downregulated genes of the hypoxia-lactate group. Details regarding the DEG-enriched pathways are presented in Table I . Significant pathways identified in at least two groups were further displayed using bubble plots to demonstrate any differences or commonalities between the three groups ( Fig. 2A and B) . The KEGG database of pathways is a collection of manually selected functionally-associated gene sets representing the knowledge on molecular interaction, reaction and association networks. There are various overlaps among pathways, as numerous genes have roles in several different pathways. In the present case, enrichment in legionellosis pathways does not necessarily mean that there is an on-going legionellosis infection in these cells, but it means that there may be common features with certain processes of legionellosis infection.
GSEA analysis. Subsequently, GSEA analysis was performed on the three groups in order to avoid the deviation caused by single-gene analysis. Downregulation of the cell cycle and oxidative phosphorylation pathways were identified in the lactate group, while enrichment of the Hedgehog signaling pathway and downregulation of oxidative phosphorylation was noted in the hypoxic group. Enhancement of the mTOR, Hedgehog and MAPK signaling pathways, as well as the glycolysis-gluconeogenesis pathway, were identified in the hypoxia-lactate group, whereas the cell cycle and oxidative phosphorylation pathways were downregulated in the hypoxia-lactate group ( Fig. 3 ; Table II ).
WGCNA analysis. Furthermore, WGCNA analysis was performed to search for possible gene network modules with significant correlations to lactate treatment or hypoxic treatment. Using a step-by-step network construction and module detection approach, 44 gene modules were identified (Table III) . The topological overlap matrix among 1,000 randomly selected genes was presented using a heatmap (Fig. 4C) .
Discussion
Macrophages have an important role in the inflammatory response and tissue repair process. Macrophages are able to engulf pathogens, present antigens to T cells and secrete pro-inflammatory factors in order to activate and promote the immune response. In addition, they exhibit immune-modulatory functions by secreting anti-inflammatory factors, including IL-4, IL-10 and transforming growth factor-β (13). During the growth and progression of the tumor, macrophages are recruited to the tumor niche and contribute to the initiation of the anti-tumor immune response. However, cancer cells may also re-program macrophages into immune-modulatory macrophages, known as M2 TAMs. The functional status of TAMs is notably associated with the survival of cancer patients, while the M2-polarization of TAMs may be a promising target for cancer therapy (14,15). Although previous studies have examined TAM reprogramming, the high heterogeneity noted in several types of solid tumor has led to a lack of consensus on the detailed mechanism of this process. However, solid tumors share certain characteristics, including malformation of tumor vessels and aerobic glycolysis, resulting in hypoxia and lactic acidosis, which are considered two hallmarks of the tumor microenvironment. Hypoxia has been indicated to induce the M2 polarization of TAMs via stabilization of HIF-1 (16) . Previous studies have further suggested that melanoma, colon carcinoma and bladder transitional cell carcinoma cells may induce the M2-polarization of TAMs via lactate shuttling (8, 17) . Furthermore, previous studies that investigated inflammatory organ injury indicated that lactate was able to inhibit the pro-inflammatory function of lipopolysaccharide (LPS)-stimulated macrophages (18) (19) (20) , and may therefore be a common regulator of TAM function in the tumor microenvironment.
Carmona-Fontaine et al (6) provided transcriptome data of BMDMs treated by hypoxia or lactate. The study simultaneously assessed the differences between the hypoxia+lactate group and all other samples, including the samples from the normoxic group, the normoxia+lactate group and the hypoxic group. The factors under investigation were lactate and hypoxia, and the heterogeneity between the three groups was taken into account. This may reduced the reliability of the results obtained of that study. In the present study, these transcriptome data were explored using DEG screening, KEGG enrichment, GSEA and WGCNA in order to enhance the current knowledge on the effect of hypoxia and lactate on TAMS.
Overall, the lactate treatment had a relatively mild effect on macrophages, with only two significantly altered GSEA pathways and 10 DEGs. In the hypoxic group, 142 DEGs and two GSEA pathways were identified. By contrast, the hypoxia+lactate treatment had a significant effect on the function of macrophages, with 1,352 DEGs and six significantly altered pathways. Furthermore, all DEGs in the lactate group exhibited the same trend in the hypoxia and hypoxia-lactate groups, whereas all altered pathways obtained in the lactate and hypoxia groups by GSEA analysis were also identified in the hypoxia-lactate group. Therefore, the production of lactate and the presence of hypoxia may work synergistically in the re-programming of macrophages.
The activation and regulation of the immune response are key functions of macrophages. In the present study, the HIF-1 and Hedgehog signaling pathways were enriched by the DEGs of the hypoxic and the hypoxia-lactate groups. Upregulation of the mTOR and the Hedgehog pathways in the hypoxia-lactate group was identified by GSEA. Furthermore, module 26, which was positively correlated with hypoxia, was enriched in the HIF-1 pathway gene sets. The HIF-1 pathway is considered the key pathway in the reprogramming of TAMs (8, 17) , and the mTOR and Hedgehog pathways were recently reported to contribute to the alternative activation of macrophages and to the inhibition of the secretion of pro-inflammatory factors (21, 22) . These results suggested that lactate and hypoxia promote the M2-like function of macrophages. However, the present results further demonstrated significant enrichment of the MAPK signaling pathway in the DEGs of all three groups. The upregulation of the DEGs of the MAPK pathway in the hypoxia-lactate group was also demonstrated by GSEA and was specifically identified in module 26. The MAPK pathway may increase the expression of pro-inflammatory factors, including IL1β and tumor necrosis factor-α (23) . These data suggested that hypoxia and lactate may potentiate the M1-like pro-inflammatory function of macrophages. However, activation of MAPK by hypoxia and lactate may not be sufficient to activate an effective anti-tumor immune response. At present, there is insufficient data to support the alteration of the other inflammatory pathways and more importantly, due to several previous studies demonstrating that lactate was able to inhibit the pro-inflammatory response of LPS-stimulated macrophages (18, 19) . The accumulation of immune cells was mostly noted in the well-perfused region, including the stroma and the invasive margin surrounding the tumor islets (24, 25) . The production of lactate by the tumor may decrease the pH and have an important role in the formation of this spatial structure (25) . In the present study, GSEA demonstrated that lactate treatment downregulated the cell cycle pathway in a hypoxia-independent manner, even in a neutral pH environment. Thus, lactate may inhibit the in situ proliferation of macrophages under inflammatory conditions (26) . The results further indicated that the DEGs of the hypoxia and hypoxia-lactate groups, including C-C motif chemokine receptor 1 (CCR1) and CCR5, were enriched in the cytokine-cytokine receptor interaction pathway. Module 26 was significantly associated with lactate levels and exhibited enrichment in the chemokine signaling pathway. These results suggested that hypoxia was further involved in the regulation of macrophage localization in the tumor microenvironment.
Several studies have indicated that hypoxia inhibits oxidative phosphorylation and promotes glycolysis (27, 28) . In the present study, the inhibition of oxidative phosphorylation and the activation of the glycolytic pathway were identified by the KEGG enrichment analysis, as well as GSEA and WGCNA, as specific biological processes that may be induced by hypoxia. Furthermore, GSEA demonstrated that lactate inhibits the oxidative phosphorylation pathway of macrophages, although it did not demonstrate any significant enhancement of the glycolysis pathway. The detailed energy metabolism status of macrophages under lactic acidosis conditions remains elusive and further studies are required to investigate this process.
In conclusion, lactate exhibited a weak effect on macrophages under normoxic conditions. However, the combination of lactate and hypoxia markedly promoted the M2-polarization of macrophages via the HIF-1, Hedgehog and mTOR pathways. Lactate and hypoxia may also contribute to the formation of the spatial structure of tumor niches by inhibiting the in situ proliferation of tissue-resident macrophages and by regulating the recruitment of peripheral macrophages. 
